relies upon the use of a so-called function to determine the instantaneous value of atmospheric transmission as a function of wavelength. The value of the function depends upon the total precipitable water and the pyranometer measurements. Once a value for the function is found, the atmospheric transmission is read from tables at the 34 wavelengths used in the long method analysis. This method of determining atmospheric transmission is the major difference from the long method. The function is discussed further in Appendix B.
The fourth field instrument is the theodolite, which is used to determine the solar zenith angle. randomly distributed in time. These and other analyses will be applied in the following subsections to examine the internal consistency of the APO solar constant measurements. If the measurements lack internal consistency, then no reliable information on the possible variability of the sun can be recovered. If the measurements are internally consistent, then there is a need to examine the reasons. Solar variations could cause the measurements to be consistent, but errors in the data reduction scheme and common atmospheric influences could also cause the data set to be internally consistent. It is more difficult to show that the solar constant is variable by using the APO measurements than to arrive at the null hypothesis that no variation in the solar constant can be proved from the measurements.
The basic data set upon which most of the following analyses are performed is given in volume 6 of the Annals [Abbot and Aldrich, 1942 A first check on whether the short method and long method solar constants are the same is provided by a one-way analysis of variance [Brownlee, 1965] of the long-term means at each station. Monthly mean values are used to find the means and standard deviations of the measurements tabulated in Table 3 . Because of its convenience the F ratio is used to test for the null hypothesis that no difference exists between the means of the two methods at each station. Use of the Student t test yields essentially the same results. As can be seen from Table 3 , none of the differences is significant at the 5% level, although the value is nearly so at Table Mountain using a simple F ratio test. The significance level using the F ratio test gives the probability for the difference to occur by chance. If, for example, it is 5.0 or less (5% significance level), only 1 time in 20 would the event occur by chance. The F ratio test is generally used to test for significance in this paper, except in certain circumstances where more refined tests are required. The values of the significance levels in parentheses are found by using a modified F ratio test to account for the significant differences in the standard deviations [Snedecor, 1956] . For a type 1 error, a null hypothesis is rejected when it is true. For a type 2 error, a null hypothesis is accepted when it is false. The significance level gives the probability of making a type 1 error. In the case of Mt. Montezuma the probability that one will incorrectly state that there is a difference when there is in fact no difference (type 1 error) is 81.9%. Although in Table 3 level is expected to occur at random in 2 out of 32 years, it in fact happens on 11 occasions using the simple F ratio test. Using the modified F ratio test [Snedecor, 1956] , which is required when the standard deviations are significantly different, reveals that in most cases the differences of the means are actually not significant. In fact, in only 2 out of 32 cases are the differences significant at the 5% level, and this occurs most likely just by chance. The small number of long method observations makes their mean uncertain enough that it cannot be distinguished from the short method mean value.
The annual means and standard deviations of the short and long method solar constants are given in Appendix Table C1 for Mt. Montezuma, Since the short method solar constant is empirically based upon the long method solar constants, one would expect the results to be positively correlated. As Table 4 shows, this expectation is met at three out of the four stations, Tyrone being the exception. At Mt. Montezuma and Table Mountain  the Even these positive correlations must be considered as upper limits on the variability that can be attributed to the sun. Although the cross correlations in Table 4 are positive and apparently significant, they may yet be spurious, and this table should be interpreted with caution. It is surprising that the two methods are not more highly correlated, since the short method was derived from the long method values.
b. Radiation Scale at Different Locations
In this subsection and the following subsections, reference to the solar constant will be for the short method solar con- Three types of scale changes were made to the APO data: (1) use of the personal equations to reduce scale differences between observers, (2) adjustments to the scale to make the solar constant agree for different atmospheric conditions, and (3) scale adjustments to reduce the differences between stations. The order in which the adjustments were made, their magnitudes, and the times that they were made are not fully documented, and thus we are not able to retrieve the original data set. With all these adjustments it is not surprising that the oneway analysis of variance reveals no difference between these expresses the relationship between two independent measurements of a single process, the variation of the solar constant, not the relationship between two unrelated processes. The two measurements cannot physically be considered to be uncorrelated. Furthermore, a prewhitening process for this problem offers the danger of removing a real solar signal; and until it is certain that this is not done, prewhitening of the data is not justified.
Although tests for the degree of the relationship of the signals between two stations other than the correlation may be used, the correlation is a well-known calculation which has often been used with this data set, and hence it is used again in this review. The physical meaning and significance of the correlations will be examined in detail by use of coherency spectra in a later section.
From nearly the beginning of the program, Abbot was aware that apparent variations of the sun measured at one station could not be proved to be true unless they were corroborated by measurements at another location, preferably far from the first one [e.g., Abbot and Fowle, 1908 [1939, 1943] (Table D1) Table Mountain and Tyrone (Table D1 ) are significantly and positively correlated in 5 out of 6 years. These two stations give the best overall correlation on a yearly basis, but since they are geographically close, one needs to be particularly careful that all atmospheric influences are removed from the data. This aspect of the problem will be considered more later.
Between Table Mountain and Mt. St. Katherine (Table D 1 ), all 4 years are positively correlated, but only one of these correlations is significant at better than the 5% level.
Using monthly mean values, the correlations in Table 6 Table 19 from greater than 5% to less than 5%. Mt. Montezuma and Table Mountain are Table Mountain  taken from   Table C1 . The lines connect successive years. If the two stations were always measuring a common signal, the lines would be parallel to the dashed line. l•he correlation of the yearly mean values for these two stations is 0.521, which is significant, as it is for the monthly mean values (Table 6 ).
d. Grade of the Observations
The observations of the solar constant were rated according to quality as belonging to one of five grades: excellent (A), very good (B), good (C), fair (D), or poor (P). The initial grading was done by the observers in the field based upon the haziness of the sky, the presence or absence of clouds, and the con- Using a Newman-Keuls-Hartley technique [Snedecor, 1956 ] to test the significance of the differences, these groups of observations all differ from one another at the 5% significance level. There is a tendency for the aureole to be brighter the lower the grade of observation, indicating that the aerosol content of the atmosphere is a major influence on the grade. 
e. $hewhart Control Chart Analysis of the Differences Between Stations
The Shewhart control chart [Shewhart, 1931 [Shewhart, , 1939 If the mean of an observation is found to differ significantly from the long-term mean, then an investigation of the cause of the difference followed by corrective action is called for. The control chart will be used here to test the relative stability of the solar constant measurements made at Mt. Montezuma and Table Mountain. There are several criteria for determining if a process is in control. The run sum test is used in the discussion below. For a process with a mean # and standard deviation a the run sum is increased by an integer h if the measurement x lies between the limits # + ha and # + (h + 1)a. If the run sum at any point exceeds 5, the process is said to be out of control. After returning to control, the sum is set equal to zero. The probability of falsely reporting that a process is out of control when it is not is 0.34% for this test. 3. There is a tendency for the aureole to be brighter the lower the grade of observation, indicating that the aerosol content of the atmosphere is a major influence on grade. Because the short method solar constant values also depend upon the grade of observation, which should not occur if the measurements were done properly, it appears that the influence of aerosol scattering was not entirely removed from the derivation of the solar constant values. Throughout the APO program the solar constant reduction scheme never handled the problem of aerosols or volcanic dust properly.
4. The Shewhart control chart analysis of the APO short method measurements indicates that proper quality control was not exercised by the APO. The signals at two stations often differ for long periods of time because of the autocorrelation or long-period oscillations in each measurement series that are arising from some cause other than a change in the sun. Finally, the mean random error of any short method solar constant measurement is about 0.85%.
THE SHORT METHOD SOLAR CONSTANT

MEASUREMENTS a. Long-Term Trends
The previous section shows that there are serious problems with the internal consistency of the short method solar con- Table 7 summarizes the linear least squares fits. These increases in the solar constant values at the individual stations are significant at the 5% level using the F ratio test but are only barely so at M t. Montezuma, where the significance level is 3.4%. As will be seen in the section on power spectra, there are reasons to believe that it is not even this significant. Since the trends are not the same at both stations, there must be other causes for the trends besides solar variations. Table 7 for M t. Montezuma and Table Mountain differ [1958], who could find no real periodicities, the most extensive search for periodicities has been made by Abbot [e.g., 1931 Abbot [e.g., , 1935b Abbot [e.g., , 1947a Abbot [e.g., , b, 1949b Abbot [e.g., , 1952 Abbot [e.g., , 1958 . Since this topic is controversial, the methods and conclusions of Abbot will be ex- [Abbot, 1952] , and by 1958 it was 31 periods [Abbot, 1958] . A summary of these periodicities as given by Abbot [1952] are tabulated in Table  Mountain . Six-month averages are used instead of l-month averages. Like the MESA spectrum the very low frequency power which is mostly due to a long-term trend is not resolved, but unlike the MESA spectra the 30.1-month period also is not resolved (Figure 17) . The bandwidth is 0.167 cycles per 6 months, and a Tukey window is used. A check on whether these periods are common between the stations is provided by the squared coherency spectrum (Figure 19) . The squared coherency spectrum provides a measure of the correlation between two parameters as a function of frequency. It is seen that periods of 6 and 3 months are significant at the 5% level but that periods of 2.5 and 2.2 months, although they are present, are not significant. A very long period or common trend is also significant.
The individual station trend values in
To investigate the long-period variation, two analysis techniques were employed. For each January-June and each JulyDecember the average solar constant was calculated from the monthly mean values. Two time series consisting of 6-month mean solar constant values were thus formed. Consider first the autocorrelations of these two time series, tabulated in Table 9 . The first autocorrelation with a 6-month lag shows a significant and positive value at Table Mountain and a positive but not quite as significant value at Mt. Montezuma. These autocorrelations would be expected from the previous power spectra. At Mt. Montezuma there is no other significant positive autocorrelation, although at 54 months there is a maxi- mum. This peak corresponds to the 60.2-month peak in the MESA spectrum, and it is evident by visual inspection of The squared coherency spectrum of these two 6-month average time series (Figure 22 ) reveals only that a long-period or long-term trend appears in common between the two series.
The coherency in the short method solar constant values at Table Mountain and Mt. Montezuma at very low frequencies is caused by a common long-term trend in the two measurement periods. When the MESA spectra and low-frequency portions of the Fourier spectra are compared at these long periods, there are no peaks in common. The positive long-term trends at the two stations (Table 7) Table  20 ). coherency at low frequencies. The peak in coherency between the two stations (Figure 19 ) at zero frequency lends support to this conclusion.
The only periods in common which appear to be significant and yet unexplained are the 6-month and 3-month periods. The relationship of these periods to atmospheric parameters will be considered later. No period related to solar activity appears to exist, but this conclusion will be examined in more detail in the next section. In order to make future workers aware of the proper solution to this problem the entire data set has been reanalyzed by several techniques.
Using [Scheffe, 1959] is used to test for significant differences between the means of any group, no significant difference is found between any of the means at the 5% significance level. In short, a one-way analysis of variance study of the solar constant measurements on individual days indicates that the solar constant as measured by the APO program is independent of solar activity.
To check this further, the monthly mean solar constant values were plotted against the monthly mean Wolf sunspot numbers (Figure 23) , and a linear regression fit of the solar constant versus Wolf sunspot number was calculated. In Table  11 If one considers more objective measures of solar activity than the Wolf sunspot number, such as sunspot, facular, umbral, or penumbral areas or the ratio of umbral to penumbral area, there is no evidence for a dependence of the solar constant values on solar activity. The urnbrai/penumbral ratio is chosen as an index of solar convective activity [Nordo, 1955] . Table Mountain does Table Mountain there is coherency at 5 months and some very long periods (> 100 months). It is the coherency at this long period at Table Mountain that Since two different variables are being treated here, each of which is autocorrelated, an adjustment of effective sample size could be done so random sampling would be approximated. The effect would be to reduce the significance levels, which, however, are already generally not significant. Hence it is not done. Table 20 as we!!. (e.g., Figure 24) . The 6-, 4-, and 3-month harmonics are also present in the power spectra. First, the pyrheliometer, pyranometer, and water vapor measurements were separated according to air mass values 1.5, 2.0, and 2.5. The solar constant values were similarly sorted and found to be independent of air mass. The annual cycles were removed from the observations of averaging all Januarys, Februarys, etc. together to form long-term average monthly values and a composite mean year. The composite year was then subtracted from the observations. This procedure is a primitive form of prewhitening of the data. Data after January 1934 are considered because prior to that time the pyranometer had a different field of view-and stratospheric dust from the Chilean volcanic eruptions was still evident.
This comment applies to
The resulting residuals from the short method solar constant measurements are negatively correlated with the residuals of pyranometer measurements (Table 13) Table 15 , there is a surprising result, since the pyrheliometer and solar constant measurements are negatively correlated for the same atmospheric conditions. The opposite is expected, and only some error in the reduction scheme could cause a negative partial correlation. One consequence is that the positive correlation of the solar constant with Wolf sunspot number reported by the If one looks at particular frequencies, using the squared coherency spectra, the solar constant and measurements of water vapor, pyranometer, and pyrheliometer are correlated. 
e. Summary of Conclusions
The general impression left from a study of the short method solar constant measurements is that there is no real evidence of a solar signal in the data. The evidence for longterm trends or dependence on solar activity is weak, whereas the dependence on atmospheric parameters is fairly strong. It appears that the APO solar constant measurements are almost an arbitrary time series with no physical significance.
Specifically, the conclusions are as follows. 1. There is no reliable information on long-term trends in the solar constant using the short method measurements. The The other two variables are the pyranometer measurements and the total precipitable water. The annual cycle is removed from each of the variables and the data after 1934 is considered. Here t• is one standard deviation uncertainty in the correlation, and 'yes' in the last column indicates greater than 5% significance. In contrast to the short method results, there are significant differences between stations, In the period 1940-1945, Tyrone and Table Mountain differ by 0.3%, which is significant at the 5% level using the F ratio test. Since this data set appears to be unmodified after the original measurements were made, these values indicate that the radiation scale at any station was probably being reproduced to an accuracy of about +0.3%. It is the latter risky conclusion which is used by some climatologists [e.g., Opik, 1968; Eddy, 1976] If one considers other indices of solar activity such as sunspot, facular, umbral, or penumbral area and the ratio of umbral to penumbral area, there is no significant correlation with the long method solar constant (Table 20) . On the basis of the APO long method solar constants, one is forced to reach the conclusion that the solar constant is independent of solar activity.
CONCLUSION
The Astrophysical Observatory of the Smithsonian Institution conducted a careful and long-continued effort to detect a Table  19 ).
[1974] and now appears to be the figure adopted by NASA in its current planning [Laughlin and Duncan, 1977] . It may be that this proposed accuracy is not sufficient for long-term monitoring or climatic change studies.
Perhaps the major failing of the APO solar constant program was the fact that it reached numerous incorrect con- 
